Mutation in CUL4B, which encodes a scaffold protein of the E3 ubiquitin ligase complex, has been found in patients with X-linked mental retardation (XLMR). However, early deletion of Cul4b in mice causes prenatal lethality, which has frustrated attempts to characterize the phenotypes in vivo. In this report, we successfully rescued Cul4b mutant mice by crossing female mice in which exons 4 -5 of Cul4b were flanked by loxP sequences with Sox2-Cre male mice. In Cul4b-deficient (Cul4b D /Y) mice, no CUL4B protein was detected in any of the major organs, including the brain. In the hippocampus, the levels of CUL4A, CUL4B substrates (TOP1, b-catenin, cyclin E and WDR5) and neuronal markers (MAP2, tau-1, GAP-43, PSD95 and syn-1) were not sensitive to Cul4b deletion, whereas the number of parvalbumin (PV)-positive GABAergic interneurons was decreased in Cul4b D /Y mice, especially in the dentate gyrus (DG). Some dendritic features, including the complexity, diameter and spine density in the CA1 and DG hippocampal neurons, were also affected by Cul4b deletion. Together, the decrease in the number of PV-positive neurons and altered dendritic properties in Cul4b D /Y mice imply a reduction in inhibitory regulation and dendritic integration in the hippocampal neural circuit, which lead to increased epileptic susceptibility and spatial learning deficits. Our results identify Cul4b D /Y mice as a potential model for the non-syndromic model of XLMR that replicates the CUL4B-associated MR and is valuable for the development of a therapeutic strategy for treating MR.
INTRODUCTION
X-linked mental retardation (XLMR) includes a heterogeneous group of diseases that are caused by various mutations in more than 80 genes on the X chromosome (1 -3) . A recent systematic mutational screen performed on a selected group of 250 XLMR families who were devoid of the FMR1 mutation and abnormal karyotypes identified different mutations of a single gene, CUL4B, in 8 of the 250 families (4) .
Two additional independent studies, one of an XLMR family with seven affected patients (5) and one of a de novo syndromic MR (6) , identified a nonsense mutation and a 60 kb deletion in CUL4B, respectively. CUL4B belongs to the cullin family of E3 ubiquitin ligase complexes that act as scaffold proteins. Cullin recruits both E2 enzymes (by interacting with the RING finger proteins Rbx1/Roc1) and specific substrates (by connecting its N terminus to adaptor proteins) for ubiquitination and subsequent † These authors contributed equally to this work. * To whom correspondence should be addressed. Tel: +886 223123456, ext. 66907; Fax: +886 223817083; Email: mtshuwha@ntu.edu.tw (S.-W.L.); Tel: +886 223123456, ext. 88175; Fax: +886 223915292; Email: ljlee@ntu.edu.tw (L.-J.L.) degradation (7, 8) . Cullin 4 exists as two paralogs, CUL4A and CUL4B, in mammals but as only one Cul4 gene in lower organisms (9) . The CUL4A and CUL4B amino acid sequences show 83% identity. The proteins can interact with the same substrate adaptor protein to target the same substrates, which implies functional redundancy between CUL4A and CUL4B (10) .
To date, numerous candidate substrates for CUL4B have been unveiled (11) , including CDT1, which is a DNA replication licensing factor (12) ; cyclin E, which is required for the regulation of cell cycle progression (13, 14) ; b-catenin, which is involved in the differentiation of embryonic carcinoma cells and cortical development (15, 16) ; topoisomerase I (TOP1), which regulates the DNA replication fork (10) ; and the androgen and estrogen receptors (17) . These findings establish potential roles for CUL4B, some of which might overlap with those of CUL4A, in the maintenance of genome integrity and cell cycle progression. Other evidence suggests unique roles for CUL4B. For example, CUL4B but not CUL4A can target the H3K4 methyltransferase component WDR5 and regulate neuronal gene expression in PC12 neuroendocrine cells. CUL4B knockdown notably suppresses neurite outgrowth of PC12 cells (18) . In contrast to the causative role of CUL4B in patients with XLMR, disorders due to CUL4A mutations have not been described. Moreover, mice deficient in Cul4a exhibit neither MR phenotypes nor other gross developmental abnormalities (19) . Such findings have led researchers to suggest that Cul4b might compensate for most of the biological functions of Cul4a in Cul4a-deficient mice (11) .
Many XLMR mouse models have been generated, which exhibit behavioral phenotypes such as MR, cognition impairments and anatomical abnormalities similar to those observed in XLMR patients. In the Fmr1-and Mecp2-deficient mouse models for Fragile X syndrome and Rett syndrome, respectively, behavioral abnormalities such as learning and memory deficits, social interaction impairments and atypical home cage activity have been noted (20, 21) , associated with alterations in synaptic transmission and abnormal dendritic branching, spine morphology and spine density (22) (23) (24) (25) . Mice carrying a mutation in Huwe1 (ubiquitin ligase, HECT family) that is correlated with XLMR display complex phenotypes, including neonatal lethality (26) . Similarly, Cul4b-deficient mice cannot survive beyond E9.5 (27) . Thus, an alternative animal model for the loss-of-function study of ubiquitination-related XLMR genes is needed.
In the present study, we report a Cul4b-deficient mouse model suitable for uncovering the phenotypes related to neuronal abnormalities generated by the CUL4B deficiency. Mice carrying conditional Cul4b-floxed alleles were produced by homologous recombination in embryonic stem (ES) cells. Crossing the Cul4b-floxed mice with Sox2-Cre transgenic mice yielded offspring with deletion of Cul4b in epiblast and in all subsequent cell lineages, including neuronal cells (28) . We characterized the Cul4b-deficient mice through behavioral tests and detailed biochemical examinations of CUL4A, downstream substrates of CUL4B and neural markers. Finally, we carefully reconstructed and analyzed neuronal morphology in mutant mice.
RESULTS

Deletion of Cul4b in Cul4b
D /Y (Cul4b lox /Y; Sox2-Cre) mice
To create a mouse model mimicking patients with mutations in the CUL4B gene, we first generated mice in which exons 4-5 of Cul4b were flanked by loxP sequences (loxP-floxed Cul4b, Cul4b lox ). Breeding of the Cul4b lox mice with Sox2-Cre deleter mice (which directly express Cre in epiblast embryonic E6.5) resulted in offspring that carried the truncated Cul4b gene with premature termination of the reading frame at the 86th codon (Fig. 1A) .
Because Cul4b is on the X chromosome, we crossed homozygous floxed (Cul4b ; Sox2-Cre) female mice. Of the total 356 pups from 50 litters, the numbers of male and female mice at age of P21 were nearly equivalent (180 and 176, respectively), and the ratio of all four genotypes was 1:1:1:1, as expected ( Table 1 ). All of these mice were viable, without gross abnormalities. Genotyping by Southern blotting (Fig. 1B) and PCR (Fig. 1C) confirmed the identity of these mice with DNA fragments of the predicted sizes.
Immunoblotting analysis showed that the CUL4B protein was expressed in many organs of wild-type (WT) male (Cul4b + /Y) mice, especially in the brain and testis; however, no CUL4B was detected in comparable regions of Cul4b D /Y mice (Fig. 1D) . Moreover, CUL4B was not detected in the cortex, hippocampus or cerebellum of Cul4b D /Y mice (Fig. 1E) Fig. 2A ). In the novel object recognition task, which tested texture-related short-term memory, both Cul4b D /Y and Cul4b lox/ Y mice could differentiate the novel object from the familiar one (Fig. 2B) .
The Morris water maze is commonly used to evaluate the spatial learning and memory abilities of rodents. During the 6-day training period, mice were released from the edge of the pool and allowed to locate the position of a submerged hidden platform through peripheral visual cues. both groups. Post hoc Bonferroni's test showed significant differences between the groups on days 2 and 3, indicating poorer spatial learning in the Cul4b D /Y mice (Fig. 2C ). To evaluate spatial memory, a probe trial was given on day 7. Both Cul4b lox /Y and Cul4b D /Y mice were released from the edge of the pool, but the original submerged platform was removed. The pool was divided into four quadrants, and the time spent in each quadrant was measured. Mice of both genotypes spent most of their time in the target quadrant, in which the platform was originally placed. However, two-way ANOVA for quadrant occupancy revealed a major pool quadrant effect (F (3, 64) ¼ 56.70; P , 0.001) for both groups (Fig. 2D) (Fig. 2E ). This finding indicated that CUL4B deficiency may have permitted the epileptic process.
In summary, the results of behavioral analyses showed that Cul4b D /Y mice exhibited some XLMR-like phenotypes, such as impaired learning and memory and increased epileptic susceptibility (Supplementary Material, Table S4 ). Because we noted that these behavioral phenotypes were hippocampusrelated, we next examined the neurochemistry and cytoarchitecture of the hippocampus.
Expression of CUL4B-related substrates and neuronal markers in the hippocampus CUL4B plays an important role in the ubiquitination process, by recruiting substrates to the E3 ligase complex (12) (13) (14) (15) 17, 18) . To comprehend the causal relationship between CUL4B deficiency and impairments of hippocampusrelated spatial learning and memory, we determined whether the CUL4B substrate levels were altered in the hippocampus of Cul4b (Fig. 3A) . D /Y mice to find the hidden platform was longer than that for Cul4b lox /Y mice throughout all 6 training days. Two-way repeated-measures ANOVA (genotype versus day) revealed a major genotype effect (F (1,80) ¼ 9.93; P ¼ 0.006) and day effect (F (5,80) ¼ 38.81; P , 0.001) for both groups. Day 7 was the probe trial (arrow) and day 8 was the visible platform test. Day 35 was the end of the test, when each mouse received four training trials to analyze the escape latency. Student's t test showed the same ability in the visible platform test (P ¼ 0.629), but revealed differences in the end-test (P ¼ 0.005) between the genotypes. (D) Top panels show the real path of the probe trial in the Morris water maze test. Quadrant occupancy during the probe trial was significantly different between the genotypes. Two-way ANOVA (genotypes versus pool quadrants) revealed a major pool quadrant effect (F (3,64) ¼ 56.70; P , 0.001) for both groups. Dashed line marks average quadrant performance (25%) in the Morris water maze. T, target quadrant; NT, non-target quadrants. (E) PTZ-induced seizure. PTZ concentration was 10 mg/ml. Infusion rate was 0.3 ml/min. Data represent the amount of PTZ (threshold) infused per body weight to reach general clonus. * P , 0.05, * * P , 0.01, * * * P , 0.001. (Fig. 6A) was estimated by the concentric-ring method of Sholl (Fig. 6B) and by quantifying the dendritic segments in different orders (Fig. 6C) . The number of intersections between the dendritic arbors and concentric rings in the CA1 pyramidal neurons was comparable in Cul4b D /Y and Cul4b lox /Y mice for both apical and basilar dendrites (Fig. 6B) ; however, the number of segments was reduced in Cul4b D /Y mice, especially in the apical dendrites (Fig. 6C) .
The length of the dendritic segment between the branching nodes, called the internodal segment, was comparable between the genotypes in the basilar dendrites, but seemed elongated in the apical dendrites in Cul4b (Table 2) . Other than the length of the terminal dendritic segments ( Fig. 6D) , no significant differences were noted in the basilar dendrites (Table 3) .
We examined the dendritic diameter and spine density in various regions of the CA1 pyramidal neurons (Fig. 6E) . In the basilar dendrites, the dendritic diameter was reduced in Cul4b D /Y mice, especially in the second and third orders (Fig. 6F, upper panel) ; however, the spine density was not changed (Fig. 6G, upper panel) . In the apical dendrites, we noted no change in the dendritic diameters in the trunk of the proximal region (,50 mm from soma, Pt) or distal region (.200 mm from soma, Dt), or in the collaterals of the proximal region (Pc) or distal region (Dc) (Fig. 6F, lower panel) . In contrast, Cul4b lox /Y mice showed increased dendritic spine density, especially in the distal regions (Fig. 6G, lower panel) .
Similar changes were also found in the DG granular cells of Cul4b D /Y mice (Fig. 7) . The dendritic complexity was reduced in Cul4b D /Y mice, as revealed by Sholl analysis (Fig. 7B ) and the number of segments (Fig. 7C) Fig. 7E and F) . However, for the dendritic spines, greater density was noted in both regions of DG granular cells in Cul4b Fig. S5D ). Together, these results indicated that the deficiency of Cul4b resulted in reduced dendritic arborization, diameter and spine length in the hippocampal neurons. However, the spine density was increased. These structural abnormalities might have contributed to the impaired spatial learning and memory functions of Cul4b D /Y mice.
DISCUSSION
The findings in this report validate the pathogenic role of the XLMD-related CUL4B mutation in a viable mouse model. In Cul4b-deficient mice, exons 4 -5 of Cul4b in the X chromosome were excised by Sox2-Cre. Despite presenting normal appearances, these mice displayed hippocampus-related spatial learning and memory deficiencies, as well as increased epileptic susceptibility. These phenotypes resemble those of many animal models of MR (22 -24) and, most importantly, of XLMR patients with the CUL4B mutation (4) (5) (6) 11, 29, 30) . Although the roles of CUL4B have been extensively studied with cell models (10,13 -15,17,18 ), loss-of-function in vivo studies are relatively rare, because Cul4b-deficient mice die as early as E8.5-E9.5 (27) . Very recently, a viable Cul4b-deficient mouse model was generated (32) (10, 32) . Moreover, we noticed the differential distribution of CUL4A and CUL4B within the hippocampal neurons, with predominant cytoplasmic localization of CUL4A and nuclear localization of CUL4B. The subcellular localization of CUL4A was not changed in Cul4b D /Y mice. These results indicate independent regulation between CUL4A and CUL4B.
As a member of the E3 ubiquitin ligase family, CUL4B plays important roles in protein degradation. In general, the knockdown of an E3 ubiquitin ligase would result in substrate accumulation. However, in Cul4b D /Y mice, levels of CUL4B substrates, such as b-catenin, cyclin E and TOP1, in the hippocampus were comparable to those in Cul4b lox /Y mice. Because these substrates are not degraded by CUL4A-dependent machinery, we suggest that other E3 ubiquitin ligases may compensate the biological function of CUL4B (35) (36) (37) (38) (39) .
Because WDR5 is a CUL4B-specific DDB1-based ligase substrate that regulates the expression of various neuronal genes (18), we predicted that WDR5 would not be degraded in Cul4b D /Y mice. However, WDR5 did not accumulate within the hippocampus. Similarly, a previous study in extraembryonic XEN cells showed that Cul4b silencing did not alter WDR5 expression (32) . In contrast, Cul4b knockdown in HeLa and HCT116 cell lines resulted in increased accumulation of WDR5 (18) . These discrepancies may reflect the existence of various E3 ubiquitin ligase systems for WDR5 CUL4B mutation in human leads to numerous symptoms. Most prominently, these symptoms include MR, motor delay and speech delays. Those that have also been described for portions of patients include abnormal toes with wide 1-2 gap, seizures, tremors, hypogonadism, aggressive outbursts, macrocephaly, Pes Cavus, kyphosis, short stature, joint hyperextensibility, muscle wasting, prominent lower lip, hypogonadism and small testis (Supplementary Material, Table S4 ). Patients with CUL4B mutation have been classified as having syndromic XLMR (4-6,11,29,30). In case of Cul4b D /Y mice, their general physical data, including outward appearances, body and brain weights, blood cell counts and blood chemistry, appeared normal, and the mice exhibited ordinary locomotion, emotion, sensation and social interaction. After thorough behavioral examinations, impaired spatial learning and memory and epileptic susceptibility were noted. For these reasons, we suggest that the Cul4b D /Y mouse is a potential model of CUL4B-associated MR. The divergence between humans and mice should account for these differences.
Despite the unchanged expression of CUL4B substrates and neuronal markers as well as the normal neurogenesis in the hippocampus of Cul4b D /Y mice, we noted several subtle yet significant differences between Cul4b D /Y and Cul4b lox /Y mice that may account for the pathogenic phenotypes. PV is expressed predominately in the hippocampus in many GABAergic interneurons. Although the expression of GAD in protein level and cell number was not altered in the hippocampus of Cul4b D /Y mice, the number of PV-positive cells, a subset of GABAergic interneurons (40) , in the DG was reduced. This change implies a PV-neuron-mediated decline of inhibitory regulation in the DG, which may have permitted disorganized neuronal firing (e.g. epileptic discharges). Further suppression of this inhibition was induced by the administration of PTZ, a GABA A receptor antagonist. As such, compared with the Cul4b lox /Y mice, less PTZ was needed to induce seizure in Cul4b D /Y mice. Dysfunctions in the inhibitory system are reported in various animal models of intellectual disability (41) . Disruption of the inhibitory circuit hampers synchronous brain activity, which is essential for cognitive functions such as learning and memory (41) (42) (43) (44) (45) (46) . For example, in an apoE4 knock-in mouse model, reduced GABAergic cell number in the DG is highly correlated with spatial learning deficits (47) . In our Cul4b It is known that the mTOR pathway is negatively regulated by the TSC1/TSC2 complex (tuberous sclerosis complex 1 and 2) which is mediated to degradation via CUL4 E3 ligase (53) , loss of CUL4B may result in the accumulation of TSC1 or TSC2 and activity of mTOR signaling might be diminished. The mTOR pathway controls the morphogenesis and plasticity of the dendrite and spine. It has been shown that activation of the mTOR pathway increases dendritic complexity and changes spine morphology in hippocampal neurons (54, 55) . It is therefore implicated that the mTOR pathway plays roles in the pathogenesis of some mental retardation such as tuberous sclerosis. Decreased mTOR activity was also observed in the mouse model of Rett's syndrome with interference in dendritic development (56) . In addition to the principal neurons, a recent study has demonstrated an mTOR signaling-mediated regulation in the development and function of GABAergic interneurons. Reduced GABAergic interneurons and decreased seizure threshold are evident in interneuron-specific Tsc1 conditional knockout mice (57) . It is possible that in Cul4b D /Y mice, neuronal phenotypes such as the dendritic abnormalities, PV-neuron reduction and increased epileptic susceptibility might be attributed to the disruption of mTOR signaling.
Deficiencies in genes related to neuronal proliferation, migration, differentiation and maturation have been suggested In summary, we have successfully rescued the embryonic lethality of Cul4b mutant mice by Sox2-Cre from E6.5 onward. This system escapes the critical time window of Cul4b-dependent embryonic development between E3.5 and E6.5. With viable offspring of the Cul4b D /Y genotype, we examined the pathogenic role of CUL4B deletion in the manifestation of MR. Reduced PV-positive neurons and altered dendritic features in the hippocampus may account for the hippocampus-dependent learning deficits and epileptic susceptibility in Cul4b D /Y mice. This non-syndromic XLMR model that replicates the core syndrome of CUL4B mutant patients will be useful for the development of therapeutic strategies for treating CUL4B-associated MR.
MATERIALS AND METHODS
Construction of targeting vector and mice with the loxP-floxed Cul4b allele
Conditional deletion of exons 4 -5 of Cul4b should result in frame-shifting and generation of a premature translational stop codon at the 86th codon in exon 6. To achieve conditional deletion, a targeting vector was generated by the recombineering method (59) . Briefly, a 14.2 kb mouse genomic DNA fragment containing the region from introns 2 to 5 of the Cul4b gene was retrieved from a 129 strain-derived bacterial artificial chromosome clone (bMQ455M17, gift of the Welcome Trust, Sanger Institute, UK). The fragment was inserted at the NotI-SpeI site of pL253, in which the MC1-TK (thymidine kinase) gene serves as a negative selection marker. The resulting construct was used as a backbone for subsequent insertion of a loxP sequence from pL452 into intron 3, and of a neo cassette (5 ′ -FRT -PGK -NeobpA -FRT -loxP-3 ′ ) from pL451 into intron 5. The final targeting construct contained a homologous long 5 ′ arm of 11.1 kb and short 3 ′ arm of 3.1 kb.
The PCR primer sequences for generating homologous arms of 300 bp for retrieving the Cul4b genomic DNA (AU, BD, YU and ZD), inserting the loxP site (CU, DD, EU and FD) and inserting the neo cassette (GU, HD, IU and JD) were listed in Supplementary Material, Table S1 . The conditional targeting vector was confirmed by sequencing, linearized by DNA digestion at the unique NotI, site and electroporated into R1 hybrid ES cells. Correctly targeted ES cell clones were selected by G418 (240 mg/ml) and gancyclovir (2 mM) as described previously (60), verified by Southern blotting for the homologous recombination event and injected into blastocytes of C57BL/6JNarl origin (National Laboratory Animal Breeding and Research Center, Taiwan) to establish chimeric mice for subsequent breeding for germ-line transmission of the loxP-floxed Cul4b allele (Cul4b lox ) to female offspring that were heterozygous for the floxed allele (Cul4b lox/+ ). Heterozygous female mice (Cul4b lox/+ ) were bred to generate hemizygous loxP-floxed male (Cul4b lox /Y) mice, which in turn were used to create homozygous female (Cul4b lox/lox ) mice. Backcrossing was onto the C57BL/6JNarl genetic background. All the Cul4b lox /Y and Cul4b D /Y mice used in experiments were backcrossed to ≥N10 generation except mice for behavioral tests (≥N5 generation).
Generation and genotyping of
To delete the Cul4b gene, Cul4b lox /Y mice were bred with Sox2-Cre deleter female mice (stock no. 008454, Jackson Laboratory, Bar Harbor, ME, USA) that mediated Cre excision of the floxed allele at the E6.5 epiblast stage (28) . After Cre excision of the loxP-floxed region, the deleted allele was referred to as the deleted (deficient) 'D' allele. To confirm the excision of exons 4 -5 of the Cul4b gene, genomic DNA was extracted from mouse tail (DNA Purification Kit, Promega, Madison, WI, USA), analyzed by Southern blotting and detected by probes according to the targeting strategy.
Routine genotyping was performed by PCR reaction with primers 5
′ -CATCTTTAGC CTCTTGTGCT-3 ′ (in3F1) paired with 5
′ -AAAAGCCTACGTTTATGTGC-3 ′ (in3R1) for the WT and floxed allele, or paired with 5
′ -AGCCTGGTCTA-CAAAGTTGA-3 ′ (in5R1) for the deleted allele. The PCR reaction condition was 948C for 2 min; 35 cycles of 948C for 30 s, 638C for 1 min and 728C for 50 s; and 728C for 7 min. The PCR primers for detection of the Sox2-Cre transgene were 5
′ -ATGCTTCTGTCCGTTTGCCG-3 ′ (Sox2-F) paired with 5
′ -TGAGTGAACG AACCTGGTCG-3 ′ (Sox2-R) at conditions of 948C for 5 min; 35 cycles of 948C for 1 min, 608C for 45 s and 728C for 45 s; and 728C for 7 min.
All animal experiments were performed in accordance with the guidelines set by the Institutional Animal Care and Use 
Immunofluorescence
The fixed brains were cryoprotected in 30% sucrose and cut to 30 mm thick coronal sections with a cryomicrotome (CM 1900, Leica Co. Ltd, USA). After the sections were blocked in 10% normal goat serum and 2% bovine serum albumin in PBST (phosphate-buffered saline and 3% Triton X-100), they were incubated with individual primary antibodies against CUL4B, PV (MAB1572, Millipore), SS (GTX71935, GeneTex, Irvine, CA, USA), GAD-67 and Ki67 (ab15580, Abcam) in blocking buffer at 48C overnight. To reveal the immunoreactive signals, DyLight 488-and Cy3-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) were used. Sections were coverslipped with antifade mounting medium (DakoCytomation, Carpinteria, CA, USA) and examined on a confocal microscope (Zeiss, Jena, Germany).
For quantification, fluorescence images were captured under a microscope (DMR, Leica) equipped with a CCD camera (DP72, Olympus, Tokyo, Japan). Six to eight sections of a series of one-in-six sections for each brain (n ¼ 3 for each genotype) were used. Areas of the CA1, CA3 and DG were quantified with ImageJ software (NIH Image), and the numbers of PV-and SS-immunoreactive cells were measured.
Nissl stain
To visualize the cytoarchitectural features of the brain, 50 mm thick coronal sections were obtained with a vibratome (VT1000, Leica). Sections were stained with cresyl violet (Sigma-Aldrich) for 10 min at 378C, washed with 0.1 M PB, dehydrated through a series of gradient ethanol to xylene and then mounted onto glass slides.
Golgi stain
To reveal the morphological features of dendrites, the GolgiCox method was used. Brain samples were collected from six Cul4b lox /Y and six Cul4b D /Y mice. Specimen were placed in impregnation solution from the FD Rapid GolgiStain kit (NeuroTechnologies, Ellicott City, MD, USA) at room temperature for 3 weeks. Impregnated samples containing the hippocampus were transferred into H 2 O for 2 days and then cut at a thickness of 150 mm with a vibratome. Sections were incubated with a mixture of developer and fixer solutions (FD Rapid GolgiStain kit), washed, mounted, examined under light microscopy (Olympus, Tokyo, Japan) with a 40× lens and imaged with a Stereo Investigator system (Microbrightfield Bioscience, Williston, VT, USA).
Pyramidal neurons in the CA1 region and granule cells in the DG were selected for morphometric examination. The 
Open field test
The locomotor activity of mice was examined in an open field chamber (40 cm × 40 cm; TSE Technical & Scientific Equipment, Bad Homburg, Germany). Animals were habituated to the testing environment for 30 min before the test. For the test, the mouse was placed in the center of the chamber, and the locomotor activity of the mouse was monitored for 60 min. The activities and number of rearings (rearing count) were quantified.
Elevated plus maze test
The elevated plus maze was performed as described previously (62) Forced swimming test Individual mice were confined in narrow Plexiglas cylinders (35 cm height, 20 cm internal diameter) filled with water (258C, 15 cm height). Three behavioral parameters, including struggling (animal reached out its forepaws out of the water, demonstrating the motivation to escape), immobility (animal stayed in the water without struggling, except keeping its head above the water and balancing for .2 s) and swimming (animal tried to keep its body from sinking by moving its hind paws), were characterized. The time spent in each behavior was measured during the last 5 min of the 7 min test period.
Nociceptive tests
Thresholds for thermal nociception and pain sensitivity were measured with the hot-plate and tail-flick tests, respectively, as described previously (63) . For the hot-plate test, the mouse was placed on a heated hot-plate apparatus (Ugo Basile, Comerio, Italy) that was thermostatically set at 55.0 + 0.58C. The time until the mouse first licked the hind paw was recorded. A cutoff time of 60 s was employed to avoid tissue damage. For the tail-flick test, each mouse was gently restrained in a small plastic cylinder. The tail was placed on a tail-flick analgesic meter (Columbus Instruments, Columbus, OH, USA) and a radiant heat source was used to assess pain response. Immediately after a 90 s habituation period, radiant heat from a 15 V beam of light was focused on the ventral surface of the tail, and the time until the mouse flicked its tail was recorded. A cutoff time of 10 s was employed to avoid tissue damage.
Social behavior
The sociability of mice was measured by their tendency to seek social interaction within a three-chambered apparatus, as reported previously (64) . The apparatus contained a clear Plexiglas cylinder, with scattered holes to allow internal and external air exchange through the cylinder, in each of the two end chambers. In the free exploring phase, the tested mouse was placed in the center chamber and was permitted to explore the apparatus freely for 5 min. After the free exploring phase, an unfamiliar stimulus male mouse was introduced in the cylinder of one end chamber (social side) in the testing phase. The other end chamber with the empty cylinder was designated as the non-social side. The times spent in the social side, center and non-social side during the testing phase was recorded for 5 min. A video camera was used to record the behavior, which was simultaneously analyzed by an EthoVision automated tracking system.
Passive avoidance
The fear-associated learning and memory of mice were examined with the Gemini Avoidance System (San Diego Instruments, San Diego, CA, USA). The apparatus consisted of one light and one dark compartment separated by a vertical sliding door. On the habituation day, the mouse was introduced into and allowed to explore the light compartment, which faced away from the dark compartment, for 30 s. The door was then raised. After the mouse entered the dark compartment with all four paws, the guillotine door was closed. The mouse was immediately removed and returned to the home cage. The time until the mouse entered the dark compartment was recorded. Mice were tested three times on the habituation day with 15 min interval between tests. On the training day, the mouse was placed in the light compartment again and was allowed to explore freely for 100 s. Once the mouse entered the dark chamber, an electric shock (0.6 mA for 3 s) was given to the mouse foot, and the mouse was returned to the home cage. On the test day (24 h after training), the mouse was again placed in the light compartment for a single test. After the guillotine door was opened, the time until the mouse entered the dark compartment was recorded, up to a maximum time of 600 s.
Novel object recognition test
During the habituation phase, a mouse was placed in an open field for 10 min twice a day for 2 days. In the test phase, the mouse was placed in the open field apparatus and presented with a pair of identical objects for 15 min. After 15 min, one of the original objects was replaced by a novel one, and the animal was allowed to explore the object freely for 15 min. The time of exploration of the objects (including any investigative behavior, such as deliberate contact or touching with the nose) was quantified. To reduce odor cues, the open field apparatus and the objects were thoroughly cleaned with 10% odorless soap, dried and ventilated for a few minutes between mice.
Morris water maze
Mice were analyzed by the Morris water maze test for spatial memory, as described previously (63) . Briefly, a pool (100 cm in diameter) was divided into four quadrants and filled with milky water. A platform (12 cm in diameter) was placed at the center of a fixed quadrant, at 2 cm below the water surface. Each mouse received four daily training trials for 6 consecutive days. The time until the mouse escaped was determined. Retention was assessed with a probe trial given 24 h after the sixth training session (day 7). The movement paths of the mice were recorded with a video camera and subsequently analyzed by a software program (EthoVision). As a control for intact vision, the mice were subjected to a cued task, in which they were placed in the water maze with the platform mounted above the milky water surface at 24 h after the probe test (day 8). At the end of the test, each mouse received four training trials on the 35th day to assess their long-term spatial learning and memory.
Threshold of clonic seizure induced by pentylenetetrazole Clonic seizure was induced by administration of PTZ (Sigma) (31) . Briefly, PTZ was dissolved in sterile physiological saline at 10 mg/ml on the day of use. Mice were intravenously injected with PTZ through the tail vein at a constant rate (0.3 ml/min) with a 30-gauge dental needle connected by polyethylene tubing to a precision pump. The onset of general clonus, characterized by clonus of all four limbs of the mouse with transient loss of righting reflex, was used as the endpoint. The volume of PTZ solution required to reach the endpoint was recorded. The dose of PTZ (mg/kg of body weight) that induced general clonus was calculated and considered as an index for clonic seizure threshold.
Statistical analysis
Data were expressed as means + S.E.M. Statistical analyses were performed between different groups with the two-tailed unpaired Student's t test. Two-way repeated-measures ANOVA tests followed by post hoc Bonferroni's test were used for the water maze test. Asterisks are used in the figures to indicate statistically significant differences ( * P , 0.05; * * P , 0.01; * * * P , 0.001).
